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Graphical abstract   
Abstract
Nanomaterials (NMs), both natural and synthetic, are produced, 
transformed, and exported into our environment daily. Natural NMs 
annual flux to the environment is around 97% of the total and is sig-
nificantly higher than synthetic NMs. However, synthetic NMs are con-
sidered to have a detrimental effect on the environment. The exten-
sive usage of synthetic NMs in different fields, including chemical, 
engineering, electronics, and medicine, makes them susceptible to 
be discharged into the atmosphere, various water sources, soil, and 
landfill waste. As ever-larger quantities of NMs end up in our envi-
ronment and start interacting with the biota, it is crucial to under-
stand their behavior under various environmental conditions, their 
exposure pathway, and their health effects on human beings. This re-
view paper comprises a large portion of the latest research on NMs 
and the environment. The article describes the natural and synthetic 
NMs, covering both incidental and engineered NMs and their behav-
ior in the natural environment. The review includes a brief discus-
sion on sampling strategies and various analytical tools to study NMs 
in complex environmental matrices. The interaction of NMs in nat-
ural environments and their pathway to human exposure has been 
summarized. The potential of NMs to impact human health has been 
elaborated. The nanotoxicological effect of NMs based on their in-
herent properties concerning to human health is also reviewed. The 
knowledge gaps and future research needs on NMs are reported. The 
findings in this paper will be a resource for researchers working on 
NMs all over the world to understand better the challenges associated 
with NMs in the natural environment and their human health effects. 
Keywords: Nanomaterials, Environmental impact, Human expo-
sure, Health effects   
M a l a k a r  e t  a l .  i n  S c i e n c e  o f  t h e  Tota l  E n v i r o n m e n t  7 5 9  ( 2 0 2 1 )       3
Contents
1. Introduction .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 3
2. Nanomaterials .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 6
 2.1. Natural nanomaterials (NNMs)   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  6
  2.1.1. Organic NNMs  .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .  8
  2.1.2. NNMs from physical, abiotic, and biotic processes .  .  .  .  .  .  .  .  .  .  . 8
 2.2. Synthetic nanomaterials  .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .  9
  2.2.1. Incidental NMs.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  10
  2.2.2. Engineered nanomaterials  .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   10
3. Nanomaterials in the environment  .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   15
 3.1. Natural nanomaterials in the environment  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  16
 3.2. Synthetic nanomaterials in the environment  .  .  .  .  .  .  .  .  .  .  .  .  .  .  19
4. Sampling and analysis of NMs in the environment   .  .  .  .  .  .  .  .  .  .  .  .  .  24
5. Nanomaterial exposure and human health concerns   .  .  .  .  .  .  .  .  .  .  .  .  26
 5.1. NMs human exposure pathways  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  28
 5.2. Circulation and redistribution of NMs in the human body  .  .  .  .  .  .  .  .  30
 5.3. NMs impact on human health   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  31
6. Conclusions .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  36
7. Future perspective   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  36
Competing interest.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  37
Acknowledgments .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  37
References   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  37
1. Introduction 
Nanomaterials (NMs), both organic and inorganic, can be potential pol-
lutants and have remained mostly unidentified due to the limitations of 
analytical techniques (Besseling et al., 2019; Ma et al., 2016; Malakar et 
al., 2019). NMs or nanoparticles (NPs) are defined based on their size; 
the sizes can vary up to 1000 nm though commonly defined as one di-
mension size between 1 and 100 nm (Jeevanandam et al., 2018). NMs 
are characterized by some specific properties such as surface area, sur-
face charge, degree of agglomeration, particle morphology, and surface 
coating (Turan et al., 2019). However, it has been suggested that changes 
in fundamental properties from the bulk material should be the basis 
for the upper size limit (Banfield and Zhang, 2001). NMs can be synthe-
sized artificially for commercial use, can be an unintentional by-prod-
uct, or occur naturally. The biosphere is rich in anthropogenic nanosized 
particles and other natural NMs, though we have only recently become 
aware of their occurrence and importance (Hochella et al., 2019). NMs 
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present in the natural environment can find their way to the human body 
and impact health as they interact with humans directly or indirectly. 
Nanotechnology (technology that utilizes NMs) has potential applica-
tions in agriculture, engineering, manufacturing, and medicine. Recent 
research focuses on improving and making nanotechnology more viable. 
The nanotechnology market is estimated to be 55 billion US dollars by 
2022, and 70% of these growths will be in the electronics, energy, and 
biomedical sectors (Inshakova and Inshakov, 2017). Enhancement in 
the use of NMs has risen exponentially, which has increased NMs pres-
ence in different natural resources viz, air, water, and soil (Belal and El-
Ramady, 2016; González-Gálvez et al., 2017; Malakar and Snow, 2020; 
Sun et al., 2017). Increased NM use is also reflected in the amount of re-
search regarding fate in the environment and the potential impact on 
health in the last decade. Further, natural or synthetic NMs can easily 
pass through 0.2 μm filters and may not be accurately distinguished in 
aqueous sample analysis (Malakar and Snow, 2020). 
This review article takes a unique approach to integrate studies on 
both natural and synthetic (incidental and engineered) NMs (Table 1) 
role in the environment, their analysis techniques, and the potential im-
pact of NMs on human health, along with elaborating on the prevailing 
knowledge gaps. This review evaluates the cause and possible effects of 
the NMs occurrence in the natural environment. The article summarized 
different groups and subgroups of natural and synthetic NMs. The lit-
erature evaluated here is based on the search criteria consisting of key-
words: nanomaterials, and environmental fate, and human, and the last 
five years publications were included (Fig. 1) to keep the content con-
cise and timely. The search was further refined to environmental sci-
ence and nanoscience nanotechnology, the two broader categories in 
the Web of Science citation index. The literature was separately summa-
rized for human exposure potential and human health impact consider-
ing the exposure pathways such as air, water, and food, concerning ag-
ricultural produce accumulating NMs from soil or addition in packaged 
food. Other relevant articles were included based on the work of most 
prominent authors in the field studying the fate of NMs in the environ-
ment and human impact. This review will primarily emphasize the fate 
of NMs in different environmental compartments, followed by a brief dis-
cussion of various analytical tools utilized to understand NMs in these 
complex matrices. The probability of NMs acting as a vector for exposure 
to humans will be discussed. The impact of NMs on human health will 
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Table 1. Summary of the presence of various natural and synthetic NMs in the natural 
environment. 
Nanomaterial type  Presence in the environment  References 
Natural nanomaterials 
Silicon dioxide  Atmosphere, surface and  Lungu et al., 2015 
  groundwater  
Carbon nanotubes  Atmosphere, soot and fires  Griffin et al., 2018 
Mercury nanoparticles  Soil and water resources  Ghoshdastidar and Ariya, 2019 
Ferrihydrite  Soil, surface and groundwater  Malakar and Snow, 2020 
Iron oxyhydroxide Oceans and seas  Hochella et al., 2019 
Manganese based NMs  Oceans and seas  Hochella et al., 2019 
Sulfur NMs  Mineral wells, springs  Griffin et al., 2018 
Silver nanomaterials  Hydrothermal vents, surface  Sharma and Zboril, 2017  
  water, wastewater 
Polymeric nanomaterials  Atmosphere  Courty and Martinez, 2015 
Nickel, zinc, cadmium, silver, Volcanic eruptions, atmosphere  Ermolin et al., 2018 
   tin, selenium, lead bismuth  
Synthetic nanomaterials 
Platinum  Atmosphere  Baalousha et al., 2016;   
   Bäuerlein et al., 2017 
Titanium dioxide  Wastewater, surface runoff,  Baalousha et al., 2016; 
  stormwater, surface and   Bäuerlein et al., 2017; 
  groundwater, landfills,   Peters et al., 2018  
  atmosphere   
Fullerenes (C60)  Air; sludge; wastewater  Bäuerlein et al., 2017 
Iron oxide  Atmosphere, stormwater,  Baalousha et al., 2016; 
  surface water; tap water    Malakar and Snow, 2020;   
    Westerhoff et al., 2018 
Cerium oxide  River water  Peters et al., 2018 
Nanoplastics  Surface water, sea and ocean  Lehner et al., 2019 
Zinc oxide  Soil, surface water, crops,  Bundschuh et al., 2018;  
  landfills    Durenkamp et al., 2016;  
    Sousa and Ribau Teixeira, 2020 
Zinc sulfide  Stormwater  Baalousha et al., 2016 
Lead sulfide  Atmosphere  Baalousha et al., 2016 
Carbon nanotubes  Atmosphere, wastewater,  Sun et al., 2016 
  surface water, landfills  
Silver nanomaterials  Wastewater, landfills, sludge  Alizadeh et al., 2019;   
    Bundschuh et al., 2018;   
    Kunhikrishnan et al., 2015;   
    Sousa and Ribau Teixeira, 2020 
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be assessed in depth. The prevailing knowledge gaps will be addressed 
to consider future opportunities. From this review paper, readers from 
the scientific community will better understand the present knowledge 
of the fate and transport of NMs in various natural resources and the po-
tential exposure and nanotoxicity in humans. 
2. Nanomaterials 
2.1. Natural nanomaterials (NNMs) 
Naturally occurring nanomaterials in the Earth’s crust is classified as 
Natural NMs (NNMs). These are generally formed through different 
Fig. 1. Main search criteria for selection and categorization of NMs for the evaluation 
of publications for review.     
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biogeochemical processes, as shown in Fig. 2 under the natural nano-
material section. A thousand megatons of NNMs of size range between 
one to thousand nanometers, cycle around the Earth each year (Hochella 
et al., 2019; Tabasum et al., 2019). It is estimated that around 342 mega-
ton/yr is the flux of NNMs to Earth’s atmosphere (Hochella et al., 2019), 
and these NNMs can also make their way to natural water sources (Neil 
et al., 2016). Current research is focused on understanding the role of 
NNMs in the environment and their contribution to different element 
Fig. 2. Different classes of natural and anthropogenic nanomaterials. It shows how 
these various nanomaterials are formed, where they are primarily present, and where 
the engineered, natural and, incidental NMs are majorly utilized.     
M a l a k a r  e t  a l .  i n  S c i e n c e  o f  t h e  Tota l  E n v i r o n m e n t  7 5 9  ( 2 0 2 1 )       8
cycles. NNMs are known to safeguard diverse ecosystems by enabling 
biogeochemical reactions (Hartland et al., 2013). NNMs widely vary in 
composition, covering organic and inorganic forms, and morphology 
(Griffin et al., 2018; Westerhoff et al., 2018). Natural chemical weath-
ering processes, volcanic eruptions, aeroplasma, lightning, flash-pyrol-
ysis, metal, and metal oxides nanomaterials formed by biotic or abiotic 
interactions (like minerals of sulfur, selenium, uranium) can all gener-
ate NNMs (Courty et al., 2020; Griffin et al., 2018; Malakar and Snow, 
2020) (Fig. 2). 
2.1.1. Organic NNMs 
Humic substances are the chemically extracted fraction of the total 
environmental organic carbon pool and are considered the most abun-
dant form of NNM. Humic substances can be a mixture of the aliphatic 
and aromatic organic compounds of high or low molecular weight with 
a size of fewer than five nanometers (Grillo et al., 2015). Peptides, pep-
tidoglycans, proteins, and polysaccharides, along with viruses, are the 
biomolecules that can be of nanoscale size (Griffin et al., 2018; Wester-
hoff et al., 2018). 
2.1.2. NNMs from physical, abiotic, and biotic processes 
Active volcanos annually add tons of NNMs in the biosphere (Ermo-
lin et al., 2018). NNMs from volcanos can travel long distances, the wind 
being their primary vector, and contain multiple elements such as nickel, 
zinc, cadmium, sulfur, and lead (Ermolin et al., 2018). The concentrations 
of these metal and metalloids in volcanic ash NNMs can range anywhere 
between 10 and 500 times higher than the background (Ermolin et al., 
2018). However, the compositions and purity of NNMs forming through 
volcanic ash are generally mixed due to their natural origin (Faulstich 
et al., 2017). Temperature, high-speed physical collisions, shock waves, 
radiation, and pressure, can produce NMs in the space (Jeevanandam 
et al., 2018). Studies show how gas and solid aerosols, as seized in the 
Mach cone of a bolide while penetrating the Earth atmosphere, are trans-
formed into a new range of polymeric nanomaterials (Courty and Mar-
tinez, 2015). Flash-pyrolysis associated with lightning is also known to 
form NMs (Courty et al., 2020), and lightning strikes directly on soils 
can also produce NMs. 
One subtle, but the key point in considering NM occurrence is the 
difference between natural nanominerals and mineral nanomaterials. 
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Minerals which only exist in the nanoscale size range are known as 
nanominerals such as ferrihydrite or clay particles (Malakar and Snow, 
2020). Nanosized minerals, which are known to exist in bulk size, are 
defined as mineral nanomaterials. The natural aquatic environment 
can comprise of multiple forms of nano- and microscopic polydisperse 
minerals mainly from calcium, and sometimes iron oxides (Griffin et 
al., 2018; Westerhoff et al., 2018). Organic and inorganic NNMs are also 
known to co-exist, where metal and metal oxide NMs are bound to or-
ganic NNMs such as humic acid. These combination of metalorganic 
NNMs are prevalent in the Earth’s surface and plays a crucial role in 
controlling different biogeochemical cycles (Liu et al., 2018; Zhang et 
al., 2018). 
Biotic processes such as microbial respiration by algae, bacteria, and 
fungi can produce NNMs of fixed stoichiometry and high monodispersity 
(Hochella et al., 2015; Srivastava et al., 2015). Inorganic natural NMs of 
copper, iron, gold, selenium, silver, uranium can form via microbial res-
piration (Das et al., 2017; Joshi et al., 2018), and organic NMs such as 
humic matter, can be a product of microbial degradation. Inorganic nat-
ural NMs of calcium, selenium, iron, and silicon can also be produced 
by biomineralization and are highly monodispersed (Jain et al., 2017). 
These inorganic NNMs can be induced by microbes and be produced as 
a by-product or can be an inherent part of various microbial processes 
(Sharma et al., 2015). 
2.2. Synthetic nanomaterials 
Anthropogenic activities, both intentional and unintentional, can pro-
duce nanoscale materials defined as synthetic NMs. However, the an-
nual flux of synthetic NMs into the environment is significantly less than 
natural NM and is estimated to be around 10.3 megatons/yr to the at-
mosphere (Hochella et al., 2019). Even though the synthetic NMs are 
small volume compared to NNMs, these NMs are considered a threat to 
the environment and are termed as pollutants (Bundschuh et al., 2018; 
Malakar and Snow, 2020). Broadly, synthetic NMs are classified as inci-
dental NMs (INMs) and engineered NMs (ENMs) (Fig. 2). Recent reports 
provided a summary of synthetic NMs (common and emerging) that are 
likely to be released in the urban environment from various sources 
(Baalousha et al., 2016; Xu et al., 2020). 
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2.2.1. Incidental NMs 
Anthropogenic activities leading to the unintentional formation of 
nanomaterials are termed as incidental nanomaterials (Baalousha et al., 
2016). Fig. 2 shows different sources of incidental nanomaterials, which 
comprise automobile exhaust, industrial waste, mining waste, combus-
tion processes, wear, and corrosion processes. Incidental nanomaterials 
can be carbon-based such as carbon soot from combustion, nanoplastics 
from plastic degradation, or metal-based, generated from corrosion in 
tap water, and can potentially be exposed to humans (Kunhikrishnan et 
al., 2015; Lehner et al., 2019; Maher et al., 2016; Venkatesan et al., 2018; 
Westerhoff et al., 2018). Fig. 3, reproduced from Baalousha et al. (2016), 
shows a case study for incidental NMs, where PM2.5 samples of air were 
collected in Shanghai, China, on a hazy day, and were characterized by 
transmission electron microscopy (TEM) and X-ray energy dispersive 
spectroscopy (X-EDS). Bright-field TEM micrograph (a) and X-EDS maps 
(b–i) shows the presence of incidental NMs of aluminum, iron, and lead, 
indicating the presence of iron oxide (c and h), galena (f and i), and cal-
cium silicate (c, e, and g) NMs (Baalousha et al., 2016). INMs are closer 
to NNMs concerning stoichiometry and morphology, as these two as-
pects of INMs are not well-defined. 
2.2.2. Engineered nanomaterials 
Nanomaterials that are produced for commercial usage are defined 
as engineered nanomaterials (Baun et al., 2017; Singh, 2016). ENMs us-
age is widespread, covering the energy sector, telecommunication sec-
tor, computing, agrichemicals, and personal care products. ENMs usage 
is increasing day by day, and more ENMs are making their way to vari-
ous water sources (Malakar et al., 2019; Malakar and Snow, 2020). ENMs 
are used in almost every technological area, from quantum computing 
to agriculture (Kah et al., 2018). Nanotechnology is a critical compo-
nent in the modern world and supporting many industries. ENMs can 
be broadly grouped based on the morphology such as 0 (quantum dots), 
1 (nanorods), 2 (graphene), or 3 (fullerene) dimensions and their com-
position, such as carbon or metal-based nanomaterials (Jeevanandam 
et al., 2018). However, these two broad classifications of ENMs are very 
much overlapping.  
2.2.2.1. Morphology-based classification of ENMs. This classification of 
nanomaterials is based on the movement of an electron within the NMs 
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(Jeevanandam et al., 2018). Fig. 4 shows representative examples of dif-
ferent morphology-based classification of NMs reproduced from Jeeva-
nandamet al. (2018). Fig. 4 shows (A) nonporous palladium nanopar-
ticles as an example of zero (0) dimension (D), (B) for 2D graphene 
nanosheets are shown, (C, D) shows silver nanorods and polyethylene 
oxide nanofibers, respectively for example of 1D, and (E, F) depicts 3D 
NMs of zinc oxide nanowires and tungsten oxide nanowire network, re-
spectively. Typically, an electron is entrapped in dimensionless space 
Fig. 3. Transmission electron microscopy (TEM) and X-ray energy dispersive spectros-
copy (X-EDS) maps of a typical NM aggregate in a carbon matrix found in a PM2.5 sam-
ple collected during a hazy day in Shanghai, China: (a) bright field micrograph; and (b–
i) elemental maps of O, Al, Si, S, Ca, Fe and Pb, respectively. These analyses indicate the 
occurrence of iron oxide (c and h), galena, PbS (f and i) and Ca2SiO4 (c, e and g) nano-
materials. Iron oxides were identified as magnetite NMs using their selective area elec-
tron diffraction (SAED) patterns (data not shown). Reproduced from Baalousha et al. 
(2016) with permission from Elsevier.
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Fig. 4. Nanomaterials with different morphologies: (A) nonporous Pd NPs (0D) (B) Gra-
phene nanosheets (2D) (C) Ag nanorods (1D) (D) polyethylene oxide nanofibers (1D) 
(E) urchin-like ZnO nanowires (3D) (F)WO3 nanowire network (3D). Reproduced from 
Jeevanandam et al. (2018) with permission from Beilstein Journal of Nanotechnology. 
M a l a k a r  e t  a l .  i n  S c i e n c e  o f  t h e  Tota l  E n v i r o n m e n t  7 5 9  ( 2 0 2 1 )       13
in 0D NMs, has a unidirectional space for 1D NMs, bi-directional and 
multidirectional space in 2D and 3D NMs, respectively (Jeevanandam 
et al., 2018). Zero (0) and 1D materials are widespread and are pro-
duced in significant volume for commercial usage. Two dimensional 
(2D) nanomaterials represent a relatively new and attractive high mem-
ber among numerous nanomaterials. Graphene is a well-known exam-
ple of 2D NM. 2D NMs and their nanocomposites have well exhibited 
outstanding physical, chemical, optical, and electronic properties, which 
promote their extensive applications in catalysis, energy, sensing, bio-
imaging, antibacterial, drug delivery, and therapy (Su et al., 2019; Tan 
et al., 2017; Wang et al., 2012). The first two-dimensional atomic crys-
tal, graphene, possesses many superior physical and chemical proper-
ties and justifies its nickname of “miracle material” (Fang et al., 2015). 
The 3D printing is a forming technology based on a digital computer 
model, which constructs 3D structure by “bottom-up” discrete cumu-
lative method. Three-dimensional printing can build structures with 
precisely controlled geometry and size that can be used in electronic, 
chemical field, and medicine (Jiang et al., 2019). 3D macrostructures 
are constructed via self-assembly of 2D graphene oxide (GO) and 1D 
carbon nanotubes (CNTs), and a study found that the 3D microstruc-
tures exhibited superior adsorption capabilities to emerging and tradi-
tional pollutants (Shen et al., 2017). CNT was tested to adsorb ClO4−, and 
it was found that the adsorption of ClO4− into different CNTs increased 
in the order multi-walled CNTs < single-walled CNTs < double- walled 
CNTs (DWCNTs) (Fang and Chen, 2012). 
2.2.2.2. Composition-based classification of ENMs. ENMs classified based 
on composition can be synthesized from carbon sources such as carbon 
nanotubes, organic NMs such as lipid or polymer-based NMs, and metals 
such as nano zero-valent iron (nZVI) or metalloids such as cadmium sul-
fide (CdS) nanorods. Zero-valent metal NMs are generally produced from 
the bottom-up approach and highly controlled for tailor-made morphol-
ogy. The nanocrystalline structure can be defect-free. These ENMs have 
extensive usage in optoelectronics (Gad and Hegazy, 2019), and zero 
valences along with size constriction give them high reactivity, making 
them also useful for water remediation (e.g., nZVI) (Kanel et al., 2008, 
2006a, 2006b; Kanel and Choi, 2007; Zou et al., 2016). Gold (Au) and Au-
based NMs are used in sensor applications (Xiao et al., 2020). Metals and 
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metalloid oxides, carbides, sulfides, and carbonates are included in ce-
ramic NMs. These NMs can be chemically inactive, heat resistant, which 
make them viable material for different uses (Thomas et al., 2015). Chip-
set and electronics use semiconductor NMs due to the wide bandgaps 
in these nanomaterials. Semiconductor NMs have increased process-
ing power or mobile devices. These ENMs can be produced using met-
als and metalloids. Semiconductor NMs are used in photovoltaics, pho-
toelectron generation, photocatalysis, hydrogen production (Khan et 
al., 2019). Semiconductor nanomaterials are produced in a wide range 
of morphology ranging from zero to 3D shapes, as this morphology can 
help tune across a bandgap.  
Carbon-based NMs consists of carbon nanotube (CNT), fullerenes 
(C60)with a diameter ranging from<1 to 4 nm. CNTs are massively pro-
duced ENMs at around ~270 tons/yr (Singh, 2016). CNTs possess ther-
mal conductivity comparable to diamond and high electrical conduc-
tivity. CNTs are used in microelectronics, medicine, hydrogen fuel cell 
technology. CNTs are also used in water treatment (Kanel et al., 2016; 
Pokhrel et al., 2017). There are concerns over the health implications 
from exposure to CNTs that could be comparable to exposure to asbes-
tos (Christou et al., 2016). Graphene oxide (GO), an oxidation derivative 
of graphene, is considered as a recently-developed nanomaterial that is 
most attractive for use in biomedical applications. Although the prospect 
of numerous applications for GO fuels additional development, concerns 
about its biosafety regarding human exposure and environmental con-
sequences remain. A recent review systematically summarized the re-
search on GO toxicity both in vitro and in vivo, followed by in-depth dis-
cussions about the toxicological mechanisms (Chen et al., 2019). Another 
group of carbon-based NMs consist of polymeric organic molecules such 
as chitosan, cellulose, polylactic acid, polyacrylonitrile, polyhydroxyal-
kanoate, and poly(lactic-coglycolic acid) (Hauser et al., 2019). These NMs 
can have various morphology, but generally are nanospheres or nano-
capsules (Khan et al., 2019). These NMs are mostly used in the medical 
field as they are biodegradable and biocompatible. As delivery vehicles, 
polymer-based NMs can be used to transport antigens, proteins, drugs, 
and vaccines without needles and may have lower cytotoxicity than al-
ternatives (Han et al., 2018; Hashem and Gonzalez-Bulnes, 2020). 
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3. Nanomaterials in the environment 
NMs, both natural and synthetic, have multiple pathways through which 
they can interact with different environmental compartments (Table 1). 
NMs commonly occur in the air, such as incidental NMs (INMs) are likely 
to be at higher levels in urban areas. NMs can accumulate and make their 
way to different water sources or in soils around landfills, industrial dis-
charges, municipal wastewater, or can be generated by natural processes 
in these environmental compartments (Baalousha et al., 2016; Malakar 
and Snow, 2020; Westmeier et al., 2018). Fig. 5 presents the pathway 
NMs may follow to make their way to different aquatic environments. 
NNMs, which are of high volume and readily available in nature and 
from the cosmos, can occur in precipitation and find their way to sur-
face water sources or recharged to groundwater. NNMs are likely to be 
found in the soil microbial ecosystem and can remain suspended as dust 
Fig. 5. Transportation pathways of natural and artificial (incidental and engineered) 
nanomaterials to soil and water sources. 
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in the air for extended periods (Ermolin et al., 2018). Similarly, factory 
discharge waste in the air or automobile gases, or sewage from land-
fills or wastewater facilities can make their way to natural water bodies 
and soil either by precipitation from air-bound particles or point of dis-
charge sources (Baalousha et al., 2016). Commercially-produced NMs 
can be discharged into the aqueous environment during their produc-
tion stage or during the end-stage of their life cycle as waste products. 
These ENMs can slowly migrate to surface and groundwater environ-
ments or remain in soils to later be taken up by plants or animal-based 
food products. Wastewater is considered to be one of the primary vec-
tors to distribute ENMs into the natural environment. 
3.1. Natural nanomaterials in the environment 
Nature is a skilled nanotechnologist (Griffin et al., 2018), and a massive 
volume of NNMs are present naturally. However, their fate, transforma-
tion, and potential toxicity are usually ignored (Ermolin et al., 2018). 
NNMs have been overlooked mainly due to the absence of suitable an-
alytical tools to measure them in a complex natural environment reli-
ably and reproducibly (Malakar and Snow, 2020). As Earth evolved to 
the present form, NNMs have been part of that evolution (Hochella et 
al., 2019), which is an additional reason why there is a lack of under-
standing of their effect in the environment. Nanogeosciences develop-
ment has brought in advanced tools to understand fate, potential toxic-
ity, and transportation of NNMs and help understand the multifaceted 
role of NNMs in the ecosystem. 
NNMs from volcanic ash, forest fires, lightning, or formed in the outer 
space can easily be present in the air. Naturally occurring multiwalled 
carbon nanotubes, generated from soot, have been found in the air of 
size ranging between 15 and 70 nm (Griffin et al., 2018). Silicon dioxide 
nanomaterials can also make their way to the atmosphere from volca-
nic eruptions; these oxide NMs in the air can cause eye irritation (Lungu 
et al., 2015). Other forms of nanomaterials can also be suspended in air 
and carried across the planet with the wind (Ermolin et al., 2018).Mer-
cury nanoparticles, produced naturally, can also be airborne, which can 
easily make their way to other natural resources such as soil and water 
(Ghoshdastidar and Ariya, 2019). NMs, both natural and synthetic, can 
be airborne by binding to fungal spores and exposed to humans (West-
meier et al., 2018). 
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Precipitation can deposit air-suspended nanomaterials into ground 
and surface water sources. NNMs from volcanic ash can quickly spread to 
different surface water sources (lakes, rivers, sea, and oceans) by winds 
and downpour (Fig. 5), which can increase toxicity risk (Ermolin et al., 
2018; Hochella et al., 2019). Various natural water resources can con-
tain volumes of NNMs in a dispersed form such as groundwater or aqui-
fers with NNMs concentration in the range of low mg L−1. Surface wa-
ter is also known to contain NNMs, in various size regime (Baalousha 
et al., 2019; Westerhoff et al., 2018). Major metals in the oceans can oc-
cur at the nanoscale size regime. For example, 80% of the iron consti-
tutes in the size fraction of 20–200 nm, almost 100% of manganese is 
below 20 nm (Hochella et al., 2019), which are known to impact redox-
based biogeochemical cycles. However, the concentration of NNMs can 
be too low to recognize their toxicity in the environment (Sharma et 
al., 2015). Recent studies confirmed the toxicity of naturally formed sil-
ver NMs formed by light and thermal energy in environmentally rele-
vant conditions and are influenced by change in pH, oxic/anoxic condi-
tions, the formation of reactive oxygen species (ROS), and stabilization 
from natural organic matter (NOM) (Adegboyega et al., 2016; Sharma 
and Zboril, 2017; Zhang et al., 2015). Further, iron redox species (Fe(II)/
Fe(III))were found to accelerate the production of Ag NMs (Sharma and 
Zboril, 2017). Gold (Au) NNMs is also stabilized in water by NOM and 
can be formed by the reduction of Au ions (Yin et al., 2014). The toxicity 
of NNMs mainly arises from their dissolution and release of metal ions, 
which is prevalent under anoxic conditions and depends on the kinet-
ics and mechanism of dissolution under environmentally relevant oxic/
anoxic conditions. However, NNMs can also serve as an essential nutri-
ent source; for example, volcanic ash NMs serves for phytoplanktons but 
can also increase toxicity levels (Maters et al., 2016). 
Studying nanoscale biogeochemical processes introduced by vari-
ous NNMs is a challenging task (Hochella et al., 2019; Sun et al., 2017). 
The formation of NNMs containing geological materials and their influ-
ence to control different biogeochemical cycles in the complex environ-
ment are still puzzling (Wang, 2014). Recent studies have indicated that 
NNMs may not be a direct risk as a contaminant but can control trace el-
ements such as arsenic contamination levels in different water sources. 
Most NNMs surface contains a layer of organic matter, which provides a 
net negative surface charge and enhances stabilization by double-layer 
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formation (Vindedahl et al., 2016). The increased colloidal stability can 
dictate NNMs transportation in different water sources, thereby control-
ling the mobility of bound trace elements onto the NNMs. The most crit-
ical parameter for the mobility of NNMs is size, surface charge, and the 
Stokes settling velocity (Kretzschmar and Sticher, 1998; Wagner et al., 
2014). In surface water, NNMs aggregation is primarily controlled by the 
surface charge. Gravitational forces can initiate precipitation after aggre-
gation processes. NNMs mobility in groundwater sources is dependent 
on particle deposition, size exclusion, redox potential, pH, ionic strength 
of the bulk solution, along with a surface charge of NNMs (Wagner et 
al., 2014). The broad impression is that NNM-metal ion complexation 
limits elemental mobility, bioavailability, diminish contaminant levels, 
and thereby limiting the detrimental effects of trace elements in differ-
ent water sources. However, reductive dissolution of NNMs, for exam-
ple, can release trace elements to water bodies, elevating their concen-
tration in the water source above maximum contamination levels (Erbs 
et al., 2010; Malakar et al., 2020; Voegelin et al., 2019). 
The mobility of NNMs such as metal hydroxides and oxides lies in 
their tendency to form stable complexes with trace elements in the wa-
ter. This behavior may control the bioavailability of essential and toxic 
metal ions in natural water sources and soil. This complexation can re-
sult in the formation of the inner-sphere complex between NNMs and 
trace metal ions. Factors such as pH, redox condition, ionic strength, the 
effect of NM interaction, and concentration of humic matter in compar-
ison to NNMs play an essential role in complex formation. These inter-
actions can be significant in understanding the impact of NNMs in soil. 
NNMs play a critical role in other related processes at the aqueous-soil-
organism interface (Hochella et al., 2019).NNMs present in the soil can 
impact rhizosphere processes and can also end up in the food products. 
However, there are severe limitations to study natural nanomaterials in-
teraction in the natural environment (Ermolin and Fedotov, 2016; Mal-
akar et al., 2019). The rapid advancement of analytical techniques to 
measure NMs makes it possible to understand the diverse role of NNMs 
in climate change, microbial-soil-rhizosphere interfaces, and different 
cycles of nature. Presently there is a substantial knowledge gap regard-
ing the chemical composition of NNMs and their life cycle in natural sys-
tems. The fate and behavior of NNMs call for further research as NNMs 
can add to the complexity of understanding the life cycle of NMs in dif-
ferent natural resources.  
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3.2. Synthetic nanomaterials in the environment 
The end-stage in the life cycle of synthetic NMs is through discharge to 
the environment. Similar to NNMs, tracing synthetic NMs in a different 
natural environment is complex and challenging. However, the definitive 
source and sink of synthetic NMs can potentially help in tracking the life 
cycle in the natural environment. Synthetic NMs, both incidental NMs 
(INMs), and engineered NMS (ENMs) can potentially be released to the 
atmosphere at the source of production and can remain suspended for 
a prolonged period. Road vehicles are considered the primary contrib-
utor of synthetic NMs in the air, specifically in urban busy traffic areas 
(Baalousha et al., 2016). These synthetic NMs can be found embedded 
in PM2.5 samples, and one example is presented in Fig. 3, with signatures 
of iron oxide, galena, and calcium silicate (Baalousha et al., 2016). The 
atmospheric release of synthetic NMs, incidental, or engineered, is con-
sidered to be the most important pathway for human exposure (Baalou-
sha et al., 2016). Concurrent existence of C60 was found in air and water 
samples collected in the Netherlands (Bäuerlein et al., 2017). The same 
study found that between 1 and 6% of the total mass in the air samples 
were particles below 100 nm (Bäuerlein et al., 2017). NMs release dy-
namics reports project the necessity for environmental risk assessment 
of synthetic NMs (Sun et al., 2017, 2016). 
Synthetic NMs suspended in air can follow a similar pathway as fol-
lowed by NNMs and end up in various soil and water sources shown in 
Fig. 5 (Malakar and Snow, 2020). Urban runoff can have high volumes of 
synthetic NMs, which can be tracked in stormwater and end up in waste-
water treatment facilities, which can further infiltrate groundwater, and 
surface runoff can pollute surface water sources (Wang et al., 2020). 
ENMs interact with the various constituents of different water bodies 
(Baalousha et al., 2016). The different interactions include homo and 
hetero agglomeration, physical- and chemisorption, flocculation, pre-
cipitation, and transformation (Koelmans et al., 2015a).Wastewater dis-
charge after treatment has a substantial amount of ENMs and releases 
these ENMs to water sources (Fig. 5) (Kunhikrishnan et al., 2015). Waste 
and biosolids can also contain ENMs which can easily leach from landfills 
and reach surface water or infiltrate to groundwater (Fig. 5). The release 
pathway of synthetic NMs to the environment can be from direct usage 
or indirectly through landfills and wastewater effluent. ENMs can trans-
form during any of these phases of release, affecting their properties 
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(Gogos et al., 2019; Kaegi et al., 2015). These changes are primarily ob-
served in the indirect release (Bundschuh et al., 2018). These released 
NMs can be retained in different water bodies (Koelmans et al., 2015b). 
ENMs entry to the environment can be at the production phase, at the 
usage phase, and release after dumping (Bundschuh et al., 2018). How-
ever, it is expected that ENMs, unlike INMs, are mostly released in the 
latter two stages of synthetic NMs life cycle (Barton et al., 2015). 
Incidental NMs such as TiO2 used in pigments, paper industry, paint 
industry are found in water sources by the peeling of paints and conse-
quent mobilization (Sani-Kast et al., 2015). The studies further moni-
tored that TiO2 NMs accumulation occurs mostly in sludge-treated soils 
than by sediments and landfills. TiO2 is released mainly to the environ-
ment from wastewater, accounting for 85% of total discharge (Arvidsson 
et al., 2018). ZnO NMs are also known to accumulate in landfills and soils 
from the disposal of medicine, electronics, and cosmetics such as sun-
screen utilizing ZnO (Durenkamp et al., 2016), and the major pathway of 
release is from wastewater discharge (Kirkegaard et al., 2015). Carbon-
based incidental NMs such as CNTs release occurs primarily during the 
production phase (almost 90% of total) and can directly deposit at land-
fills (Sun et al., 2016). Incidental metal NMs such as silver can also be re-
leased to the environment during the production phase. Silver NMs can 
also accumulate in wastewater, biofilm reactors, and landfills (Alizadeh 
et al., 2019; Bundschuh et al., 2018; Durenkamp et al., 2016). Silver NMs 
embedded in fabrics, which is around 20% to 100% of total particle con-
tent, are released during laundry and observed in the wastewater stream 
(Choi et al., 2017; Kaegi et al., 2015).Wastewater treatment plants serve 
as a primary release pathway for ENMs. These treatment plants have a 
crucial role in the redistribution of ENMs to different water bodies. Still, 
there is a significant knowledge gap about the fate, transformation, mo-
bility, and behavior of ENMs in the complex matrix of wastewater. 
Currently, environmental applications for nanotechnology-based 
products are increasing. These applications for various purpose releases 
ENMs directly to the environment such as groundwater nano remedia-
tion (Bardos et al., 2018), nano pesticides, and nano fertilizers applica-
tion (Kah et al., 2018). Nanoscale zero-valent iron (nZVI) particles are 
used for groundwater remediation (Soares et al., 2018; Zou et al., 2016). 
Direct injection of nZVI is done for point decontamination of groundwa-
ter sources (Soares et al., 2018; Stefaniuk et al., 2016). Direct injection 
into an aquifer can have unintended consequences as nZVI can interact 
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with microbes (He et al., 2017), and can be harmful to groundwater bac-
teria by impacting prevailing biogeochemical cycles in the subsurface 
(Lei et al., 2016). A recent study by Crampon et al. found that nZVI can 
negatively impact bacterial abundance and affect groundwater ecology 
(Crampon et al., 2019). Other studies have found nZVI to be toxic to-
wards other living organisms and were found to be bioaccumulated in 
bacteria and bacterial cell walls (Jiang et al., 2018; Wille et al., 2017; Xue 
et al., 2018). ENMs residues post-treatment is presumed to be consum-
ables (Good et al., 2016; Simeonidis et al., 2016; Troester et al., 2016), 
but reactivity, mobility, and relative stability of ENMs in water can make 
them toxic to humans. Therefore, further evaluation of toxicity due to di-
rect consumption is recommended. 
A recent study tried to identify the fate of ENMs used in water treat-
ment in five different water sources including freshwater and ground-
water (Sousa and Ribau Teixeira, 2020). The commonly used ENMs such 
as TiO2, Ag, and ZnO ENMs, in water treatment processes, were consid-
ered and was found in hazardous amounts after the final membrane fil-
tration process (Sousa and Ribau Teixeira, 2020). ZnO ENMs release zinc 
ions by dissolution and generate ROS. Different amounts of ZnO NMs can 
travel in saturated porous media at different distances depending on so-
lution pH (Kanel and Al-Abed, 2011). Nanoadsorbents utilized for drink-
ing water treatments may have health effects on humans and other living 
organisms if not removed in the final product (Simeonidis et al., 2016). 
In water, ENMs can achieve stability through interaction with NOMs, 
such as humic matter (Grillo et al., 2015). ZnO ENMs show higher mo-
bility in the presence of humic substances due to the reversal of surface 
charge (Yecheskel et al., 2016). Humic substances have been shown to 
stabilize multi-walled CNTs (Boncel et al., 2015; Gao et al., 2018). Fur-
ther, exposure to CNTs has been shown to produce toxic effects through 
the co-occurrence of reactive oxygen species (ROS) in freshwater (Law-
rence et al., 2016). Fullerene mobility is significantly affected in the pres-
ence of iron oxyhydroxide, precisely alpha form (Ghosh et al., 2016). Hu-
mic substances play a vital role in stabilizing ENMs in different aqueous 
mediums. Still, other parameters like the presence of other NNMs, pH, 
redox conditions also play a significant role in determining their stabil-
ity, mobility, and transformation in these complex systems. The multi-
particle design of the natural environment makes it critical and poses 
a challenge in understanding the life cycle of ENMs in complex ecosys-
tems (Lowry et al., 2012). 
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The potential toxicity of ENMs make them potential pollutant in dif-
ferent water sources, but there is a lack of comprehensive datasets and 
monitoring tools to observe NM levels in drinking water (Westerhoff et 
al., 2018). Surface water sources, which have the largest potential to be 
polluted by NMs, are the common sources of raw drinking water in most 
developed nations. Different surface water sources, treatment facilities, 
and point of use sites were studied utilizing material-flow model and 
field data to predict ENMs presence in drinking water, and chances of 
ENMs in drinking water was found to be low (Westerhoff et al., 2018). 
However, a recent experimental study on 44 tap water samples from 
Phoenix, Arizona by the same research team found lead, tin, iron, and 
copper with average concentrations (ng l−1) of 1.2 ± 1.3, 1.8 ± 3.0, 88 ± 
144, and 69 ± 45, respectively representing a minimum of 0.4%, 18%, 
16% and 0.2% of particles from the corresponding total dissolved con-
centrations (Venkatesan et al., 2018). Fig. 6, reproduced from the study 
by Venkatesan et al. (2018), reveals the average particulate content from 
36 tap water collected at Phoenix, Arizona, as seen under single-parti-
cle inductively coupled plasma mass spectroscopy (spICP-MS). In Fig. 
6, the average particulate and background of (a, b) lead, (c, d) iron, and 
(e, f) tin, are shown respectively. The black bar represents the concen-
tration in the first 125 ml sample collected immediately after turning 
on the faucet. The grey bar represents the concentration in the subse-
quent 500 ml samples, collected after running the tap for a minute. It 
can be seen that particles were observed in both initial and secondary 
samples for all three elements, indicating the presence of NMs. However, 
the particle concentration of lead and tin was much lower compared 
to iron. Another report on surface water from the Dutch rivers: Meuse 
and Ijssel, confirmed the occurrence of Ag and cerium oxide ENMs and 
TiO2 microparticles. The Dutch study found that concentration of silver 
NMs was 0.8 ng l−1 with an average particle size of 15 nm, for cerium 
oxide, it was 2.7 ng l−1, with an average particle size of 19 nm, and TiO2 
was found in an average concentration of 3.1 μg l−1 and an average par-
ticle size of 310 nm (Peters et al., 2018). Polymeric ENMs such as poly-
acrylonitrile, chitosan, and hydroxyapatite have been found in freshwa-
ter and soil (Hauser et al., 2019). 
Synthetic NMs present in the soil can be part of different agricultural 
products. ENMs uptake by different crops and their impact on irriga-
tion water quality has been elaborated in recent reviews (Gupta and Xie, 
2018; Malakar et al., 2019). The review points out that ENMs in plants 
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can be passed to humans through the consumption of food, and their im-
plication to health is unknown (Malakar et al., 2019). Even nano pesti-
cide and fertilizer residues can end up in the crops and make their way to 
the food chain and act as an essential exposure pathway (Malakar et al., 
2019). Assessment of the fate of ENMs in soil and the unsaturated zone 
Fig. 6. Average particulate (a – Pb; c – Fe; e – Sn) and background (b – Pb; d – Fe; f – 
Sn) elemental concentrations determined by spICP-MS in the initial 125-ml fractions 
(black bar) and secondary 500 ml fractions (bulk; grey bar) of tapwater collected from 
the three buildings. ‘n’ represents the number of tap water samples analyzed. Error 
bars represent plus/minus one standard deviation Venkatesan et al. (2018) with per-
mission from The Royal Society of Chemistry.     
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is dependent on the surface functionality of ENMs (Rahmatpour et al., 
2018). ENMs are generally found in the air-water interface if they have 
a hydrophobic surface, and if the surface is hydrophilic, ENMs are more 
likely to occur in the water film. The surface charge on the ENMs can 
facilitate their retention in the unsaturated zone (Hoggan et al., 2016). 
Similar to NNMs, ENMs movement and flow pattern is dependent on pH, 
redox conditions, and ionic strength. These parameters are dependent 
on the wetting/drying cycles in the unsaturated zone. This underlines 
the importance of understanding the conditions in the soil environment 
for predicting the transport of nanosized particles.  
Our understanding of the human health hazards related to synthetic 
NMs in various environmental compartments is mostly inadequate. 
There are multi-fold reasons such as nanoscale size, transient nature 
of the particles, reliable monitoring tools, which limit understanding of 
synthetic NMs impact as a pollutant in different water bodies, soil, and 
air. These knowledge gaps need to be addressed to comprehend the re-
lease and exposure pathways of synthetic NMs and their long-term im-
pact on the environment. 
4. Sampling and analysis of NMs in the environment 
The environmental behavior of NMs is unlike ionic species, and their 
properties vary considerably from a bulk counterpart. The nanoscale 
size regime studies the NMs life cycle in complex environmental com-
partments consisting of water, soil, air, sediment, and biota. NMs have 
unique properties and studying them requires specialized analytical 
tools. A recent review reported on sampling and analysis of NMs (Saleh, 
2020). Recent analytical development for nanogeosciences and nano-
technology usage for environmental research has garnered visibility 
and support (Hochella, 2008; Malakar and Snow, 2020). Modern-day 
analytical nanoscience instrumentation provides cutting-edge tools that 
have helped outline new understandings about NMs. Specialized sam-
pling techniques developed by environmental scientists can be used for 
studying the occurrence and potential impact of NMs, which can be com-
plemented by advanced analytical tools (Lead et al., 2018). Controlled 
laboratory conditions can also be utilized to simulate the natural envi-
ronment and study specific NMs without other interferences, which can 
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help better understand the fate, transformation, and impact on the en-
vironment (Malakar and Snow, 2020). 
Electron microscopy, such as transmission electron microscopy (TEM) 
and scanning electron microscopy (SEM), is a key tool for analyzing NMs 
using direct visualization of NMs within the complex matrices. Visual-
ization can help elucidate morphology, size, and agglomeration state 
of the concerned NMs (Laborda et al., 2016). Further, electron micros-
copy can be coupled with energy dispersive X-ray spectroscopy, which 
can help understand the NM’s elemental composition both qualitatively 
and quantitatively. Advanced techniques, such as scanning TEM (STEM), 
environmental SEM (ESEM), cryo-TEM, are very well suited for environ-
mental samples. However, differentiating natural from synthetic NMs 
is still challenging utilizing these techniques. Optical microscopy tech-
niques using hyperspectral-enhanced dark field microscopy (HEDFM) 
and confocal fluorescence microscopy (CFM) can be used to study NMs in 
biological samples as electron microscopy may not be suitable for such 
samples (Brown et al., 2018). However, optical microscopy may be lim-
ited to fluorescent NMs. 
Atomic and isotope spectrometry, specifically inductively coupled 
plasma mass spectroscopy (ICP-MS), is one of the most robust tools to 
quantify NMs in different matrices, especially in aqueous samples. The 
low detection limits of ICP-MS makes it a method of choice and is be-
ing developed continuously to couple with other systems for easier de-
tection of NMs such as single-particle ICP-MS (spICP-MS). Here, a low 
concentration of NMs dispersed solution is introduced such that a sin-
gle pulse is equivalent to one NM, and the intensity of individual ion 
can tell about the size of the particle (Meermann and Nischwitz, 2018). 
spICP-MS is an emerging analytical technique, and considerable devel-
opment will be required to make it more viable and cost effective. New 
techniques such as multi-collector (MC-ICP-MS) and time of flight (ICP-
TOF-MS) are being developed to overcome the shortcomings of spICP-
MS (Meermann and Nischwitz, 2018). Low concentrations of NMs in 
complex environmental matrices require prepurification where indi-
vidual NMs are separated and purified before analysis. Enrichment en-
sures more accessible and more accurate detection and characterization 
of NMs. Field flow fractionation (FFF) has been widely used to extract 
NMs of low size from water and separate before analysis using ICP-MS 
(Moreno-Martin et al., 2017). Other separation techniques include size 
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exclusion chromatography, hydrodynamic chromatography, and capil-
lary electrophoresis. However, these techniques may be prone to clog-
ging and may not be highly sensitive at smaller dimensions. 
Light scattering techniques, such as dynamic light scattering (DLS) 
and nanoparticle tracking analysis (NTA), are inexpensive and provide 
a method for characterizing particle size distribution in liquid. How-
ever, these techniques may not be useful for polydisperse, heterogeneous 
samples and cannot provide information about elemental composition 
or shape (Luo et al., 2018). NMs in the atmosphere can be trapped and 
concentrated within filter materials (Baalousha et al., 2016) and can be 
analyzed using the above-discussed techniques. Particle counters are 
also utilized for an ongoing study of NMs in air, where the number con-
centration of NMs in air samples is measured temporally and can have 
size resolution capabilities. A scanning mobility particle sizer (SMPSTM) 
2.5–1000 nm and fast mobility particle sizer (FMPSTM) 5.6–560 nm are 
examples of high-resolution particle analyzers providing low detection 
limits and continuous measurement capabilities. However, all these pres-
ent-day analytical tools still lack high sensitivity and reproducibility to 
study NMs in the complicated multi-particle environment. Reproducibil-
ity, sensitivity, and cost-effectiveness are the primary requirements for 
making these analytical tools more viable. 
5. Nanomaterial exposure and human health concerns 
Nanotoxicology is a sub-specialty of particle toxicology and mainly deals 
with toxic effects arising from exposure to NMs. As material proper-
ties change considerably at the nanoscale, these changes may give rise 
to effects unique to a specific size regime which are completely absent 
in the bulk material. There are lack of studies on the impact of natural 
NMs on human health, and most research is focused on synthetic NMs, 
specifically ENMs. Recently, multiple review papers on ENMs reported 
their properties, route of exposures, interactions with plants and ani-
mals, and environmental applications (Basei et al., 2019; Basinas et al., 
2018; Coman et al., 2019; Eivazzadeh-Keihan et al., 2019; Jawed et al., 
2020; Lewis et al., 2019; Schulte et al., 2019; Taghipour et al., 2019; Wei 
et al., 2019). Cronin et al. (2020) reported ENMs effects on human im-
mune systems and presented a review of nanosafety assessment (Cro-
nin et al., 2020). 
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The review article primarily focuses on the exposure pathway of dif-
ferent NMs from the air, water, and food (– where NMs are deliberately 
added or NMs present in the soil is taken up by food products), as key 
vectors. The life cycle of NMs in the human body, their residence times, 
and fate to different human organs can be dissimilar (Fig. 7) and highly 
dependent on the exposure pathway, physical and chemical properties 
of the NM. The extensive production and use of ENMs have raised many 
concerns about their fate, life cycle, and potential toxicity in the environ-
ment and to human health (Arvidsson et al., 2018; Bour et al., 2015; Go-
swami et al., 2017; Ma et al., 2016). Some ENMs can be indirectly carci-
nogenic by generating reactive species such as ROS (Ganguly et al., 2018; 
Pini et al., 2016).   
Fig. 7. Exposure pathway, circulation, redistribution, and final excretion of nanomate-
rials inside the human body.     
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5.1. NMs human exposure pathways 
NM exposure to humans occurs through multifaceted pathways: inhala-
tion, ingestion, penetration through the skin, and injection. Inhalation 
is considered the primary route of exposure to humans, and therefore 
the presence of NMs in the air is regarded as a significant health haz-
ard. The air quality index in urban areas can act as a possible indicator 
of suspended NMs, which can be a cause for a variety of cancers. The 
proposed threshold exposure amount is dependent on the NM particle 
density. For example, a given density >6 g cm3 for silver, gold, iron, and 
their oxides, a proposed exposure threshold is estimated to be 20,000 
nanoparticles cm3. For NM densities <6 g cm–3, such as TiO2 and ZnO, it 
is estimated to be 40,000 nanoparticles cm3 (Oberbek et al., 2019). Ur-
ban air can contain 10,000 to 50,000 nanoparticles cm–3 (Oberbek et al., 
2019). These estimated limits can increase multi-fold in NM processing 
and production industries, which can be a significant concern for work-
place safety (Geiser et al., 2017). Leather tanneries can have chronic oc-
cupational exposure to INMs likely to be detrimental to human health 
(Sarwar et al., 2018). 
It is estimated that NMs in commercial applications now are in ~3000 
products in various sectors (Huang et al., 2017). ENMs such as TiO2 
(~80%), ZnO (~70%), silver (~20%) are estimated (shown as %) to be 
present in personal care products, including baby products (DeMatteis, 
2017; Ding et al., 2018) and can be directly exposed to humans when ap-
plied to the skin. Moreover, there is an ongoing debate on the potential 
for the passage of NMs through the skin barrier. Generally, metal NMs 
are considered to cross over the skin and reach basal layers (DeMatteis, 
2017). As skin pores are small, it is evident that smaller particles, spe-
cifically <4 nm, can cross over easily (Larese Filon et al., 2015). ZnO NMs 
are used in the food industry, Silver NMs in the textile industry for de-
odorizing and antibacterial products, iron oxide NMs are used in paints, 
and to polish the jewelry, can also be exposed directly from use (Huang 
et al., 2017; Mantecca et al., 2017). 
Another route for exposure is the gastrointestinal tract, where food, 
food products, and beverages may contain NMs (Gupta and Xie, 2018; 
McClements and Xiao, 2017). For example, the food coloring agent E171 
consists of TiO2 NM at concentrations between 1 and 5 μg mg–1 and 
may be used in sweets (De Matteis, 2017). TiO2 has also been found in 
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chewing gums, confectionery, sauces and dressings, nondairy creamers, 
and in dietary supplements. Consumption amount of TiO2 is estimated to 
be around 0.2–0.7 mg kg body weight/day in the United States and ap-
proximately 1 mg kg body weight/day in the United Kingdom and Ger-
many (Ropers et al., 2017). The review article by Winkler et al. (2018) 
summarizes the prevailing knowledge gaps in studying the impact of 
TiO2 food additive and points out that this food additive’s highest expo-
sure can be on children (Winkler et al., 2018). The estimated dietary in-
take of TiO2 was found to be 1–2 mg kg– 1 body weight/day in children 
under ten years of age in the United States (Winkler et al., 2018). How-
ever, there is a lack of studies for establishing safe upper levels of TiO2 
intake as a food additive, and more rigorous evaluation is needed to ad-
dress this uncertainty. Other commercial labels consumed by humans 
include food additive E551, E554, E556, or E559, consisting of SiO2 NMs. 
The Scientific Committee on Food of the European Food Safety Author-
ity has set a limit of 20 to 50 mg SiO2 NMs consumption for 60 kg per-
son (De Matteis, 2017; Winkler et al., 2016). Polymeric NMs, used for 
drug delivery, generally considered to be less toxic, are often also used 
in medication. There are also few studies on the effects of long-term ex-
posure from these NMs (Jesus et al., 2019). Among polymeric NMs, chi-
tosan is the most studied NM, followed by poly(lactic-co-glycolic acid) 
(Jesus et al., 2019). Chitosan and poly(lactic-co-glycolic acid) were rel-
atively nontoxic in most studies, though may cause inflammation and 
oxidative stress in rabbit and mice (Jesus et al., 2019; Moraes Moreira 
Carraro et al., 2017; Shan et al., 2017). A review article by Jesus et al. 
(2019) summarizes the hazard assessment of polymeric nano-biomate-
rials used for drug delivery (Jesus et al., 2019). The review article sug-
gests that human health risk assessment of polymeric NMs is limited 
to case-by-case evaluation of the literature, and lacks a systematic set 
of in vitro and in vivo toxicity studies with controls needed to generate 
a database on the toxicity of polymeric NMs (Jesus et al., 2019). Direct 
injection of NM is used for biomedical applications for drug delivery 
(Hashem and Sallam, 2020; Korin et al., 2013; Sykes et al., 2014). Med-
ical use of ENMs has provided encouraging results to fight diseases but 
may also lead to unwanted consequences (Huang et al., 2017; Wang et 
al., 2018). The increasing use of nanofertilizers and nanopesticides in 
food production implies that these contaminants may bioaccumulate 
in soils and food crops, leading to a potential source of exposure when 
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applied or ingested (Iavicoli et al., 2017). The agricultural produce con-
sumed by humans can have elevated levels of NMs, where NMs present 
in soil can end up in the final product, including meat and dairy products 
and their toxicological impacts are still not clear (Malakar et al., 2019; 
Malakar and Snow, 2020).  
5.2. Circulation and redistribution of NMs in the human body 
The various exposure pathways – inhalation, skin penetration, and in-
gestion – will introduce foreign NMs into the body and, because of their 
size, can affect organisms at the cellular level, bringing about type-1, 2, 
and 3 cell death (Ganguly et al., 2018). Fig. 7 shows the possible life cy-
cle of NMs inside the human body, transportation, redistribution, and ex-
cretion pathway. It is estimated that shape, size, along with a charge of 
NMs, can enhance the translocation rate by 60 times through cell mem-
branes (Nangia and Sureshkumar, 2012). At the pH range of the human 
cells, most NMs can be solubilized (Sajid et al., 2015), release metal ions, 
and even generate ROS. 
NMs are not easily intercepted in the nasopharyngeal region and 
quickly make their way into the lungs, prolonging the retention time 
of NMs in the body (Gupta and Xie, 2018). Once in the lungs, NMs can 
cross through blood–air–tissue barrier and into the bloodstream and 
potentially affect other body organs. The dosage of NMs through inha-
lation can also result in an acute response, leading to vascular dysfunc-
tion, thrombosis, and myocardial ischemia (Miller et al., 2017). Inhaled 
NMs can stay in the body as long as three months or more and make 
their way out of the body through urine (Miller et al., 2017). The trans-
location rate to different parts of the body after inhalation is generally 
higher for smaller particles <10 nm size (Miller et al., 2017). 
The large surface area of the gastrointestinal tract can promote ad-
sorption of NMs when ingested and translocate them into the blood-
stream (De Matteis, 2017). Further, the dissolution of ingested NMs can 
occur in the acidic pH of the stomach, and the release dissolved ions 
such as silver and cadmium can lead to toxic effects (Sukhanova et al., 
2018). The size of the NMs particles affects their adsorption rates, and 
generally, smaller particles can be taken up by endocytosis. Once intact 
NMs enter the bloodstream, they follow a similar trend observed in the 
inhalation exposure pathway and create havoc in the organ systems at 
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the cellular and sub-cellular level by creating chemically reactive spe-
cies (De Matteis, 2017). Similarly, when NMs enter via skin penetra-
tion, the rate of crossing into the bloodstream is again size-dependent, 
and smaller NMs can more easily enter and affect various organs of the 
body. NMs metabolism has been extensively reviewed, and studies have 
suggested that nanoscale size can help NMs easy transportation in the 
bloodstream affecting different organs such as lungs, kidneys, liver, and 
can also occur in the breastmilk of lactating mothers (Cai et al., 2019; 
Wang et al., 2013, 2018). The small size of NMs allows them to cross the 
blood-brain barrier, and exposure also leads to neurotoxicity (Boyes and 
van Thriel, 2020). 
5.3. NMs impact on human health 
The size and chemical composition of NMs are the most significant con-
tributors to promoting toxicity towards humans. Most of the properties 
that arise in NMs are due to the size confinement, which increases the 
surface area for a similar volume exponentially; and changes the parti-
cles’ chemical and physical property. These changes can heighten the re-
activity and toxicity of NMs regardless of other factors like composition 
and shape. NMs smaller than 100 nm can easily penetrate cells, and ~40 
nm can enter nuclei, and below 35 nm can cross the blood-brain barrier 
(Ganguly et al., 2018; Malakar and Snow, 2020). Moreover, catalytic ac-
tivity, the potential for producing ROS, adsorption rates, and binding ca-
pability can be enhanced in smaller NMs (Ning et al., 2017; Sajid et al., 
2015) may influence residence times inside the body. 
The fact that size is the most critical factor is evident in several stud-
ies carried out by Sahu and his colleagues on the genotoxicity and cyto-
toxicity of Ag NMs on human liver cells (Sahu et al., 2016a, 2016b, 2014). 
The studies observed toxic effects of Ag NMs varied according to size, 
where exposure to smaller NM led to a more potent impact (Sahu et al., 
2016a, 2016b, 2014). Au NMs are extensively used in different medical 
applications but are known to impact embryonic stem cells in humans, 
mainly dependent on the size (Senut et al., 2016). Stem cells exposed 
to 1.5 nm gold NMs showed less cohesiveness and detachment indica-
tive of cellular death, while larger NMs at 4 nm and 14 nm size did not 
display signs of toxicity (Senut et al., 2016). In Fig. 8, reproduced from 
the study by Senut et al. (2016), the toxic effects of gold nanoparticles 
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was found to differ based on sizes (A, H) control or vehicle; (B, F) 1.5 nm 
(AuNP1.5); (C, G) 4 nm (AuNP4); and (D, H) 14 nm (AuNP14) observed 
at 10 μg ml concentration. When exposed to 1.5 nm sized gold particles, 
cell death is marked from (I) the quantitative analysis of percentage 
Fig. 8. The effects of AuNP on the survival of hESC-derived NPCs. NPCs were treated 
with vehicle or 10 μgml−1 of AuNP1.5, AuNP4, and AuNP14 for 72 h, processed for im-
munofluorescence detection of Nestin, and then stained with the nuclear marker DAPI. 
hESC-derived NPCs exposed for 72 h to A, E) vehicle, B, F) AuNP1.5, C, G) AuNP4, and 
D, H) AuNP14. B, F)Whereas exposure to AuNP1.5 resulted in cell death, NPCs treated 
with C, G) AuNP4 and D, H) AuNP14 displayed a viability and a E–H) Nestin immu-
nostaining similar to those observed in A, E) control conditions. I) Quantitative anal-
ysis of NPCs harboring pyknotic nuclei showed ongoing cell death in cells exposed to 
10 μg ml−1 AuNP1.5. J) No Nestin-positive NPCs survived following 72 h exposure to 
AuNP1.5. Histogram values are means ± SEM. Statistical significance compared to the 
vehicle control group is designated as (***) (p < 0.001; n = 3, one-way ANOVA). The 
scale bar length is 100 μm for (A)–(D) and 30 μm for (E)–(H), reproduced from Senut 
et al. (2016) with permission from John Wiley & Sons, Inc.    
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pyknotic nuclei with a significant 54-fold increase (p = 0.02) and lack of 
Nestin-positive neural precursor cells (NPCs) (J) in comparison, 4 and 
14 nm showed viability. 
TiO2 and silicon dioxide (SiO2) NMs can cause cytotoxicity to various 
cells such as telomerase-immortalized bronchiolar epithelial cells, 3T3 
fibroblasts, and RAW 264.7 macrophages (Baranowska-Wójcik et al., 
2020). Generalizing the size ranges of various NMs to promote toxicity 
is much complex as presently, there are no standardized toxicity proce-
dures among scientists to compare different results. However, scientists 
have a common consensus that toxicity will generally increase in smaller 
size NMs and is the primary factor promoting toxicity. 
The shape of NMs can also be a deciding factor regarding the effects 
on human health. Fibroblast cells presented higher toxicity to gold 
nanospheres (~61.46 nm) than to nanostars (~33.69 nm) of smaller 
diameter (Favi et al., 2015). Further, the smaller nanospheres were fa-
tal at concentrations of 40 μg ml, and nanostars at 400 μg ml−1 (Favi et 
al., 2015). However, another study by Steckiewicz et al., between gold 
nanorods (~39 nm lengths, 18 nm width), nanospheres (~6.3 nm), and 
nanostars (~215 nm) found gold nanostars to be most toxic against 
human fetal osteoblast (hFOB 1.19), osteosarcoma (143B, MG63) and 
pancreatic duct cell (hTERT-HPNE) (Fig. 9) (Steckiewicz et al., 2019). 
These observations are clearly shown in Fig. 9, reproduced from Steck-
iewicz et al. (2019), which shows MTT (a (hFOB1.19 cells), b (MG-
63), and c (143B cells)), and NR assay (d (hFOB1.19 cells), e (MG-63), 
and f (143B cells)) cell viability based on morphology (nanorods, na-
nostars, and nanospheres) of different gold nanomaterials at various 
concentrations (0 (control), 0.3, 0.6, 1.2, 2.5, and 5 μg ml–1). In MTT 
assay, nanostars presented significantly decreased cell viability for all 
three cell types, but NR assay did not find much difference between 
the morphologies, especially at lower concentrations (Steckiewicz et 
al., 2019). TiO2 nanofilaments and nanorods can show significant cy-
totoxicity towards epithelial cells (Michalkova et al., 2020; Pavlovic et 
al., 2015). The crystal structure of NMs can affect their toxicity. For ex-
ample, TiO2 NMs of rutile structure showed more toxicity compared to 
anatase form (De Matteis, 2017; De Matteis and Rinaldi, 2018). Fur-
ther, the crystal structure of NMs can change in environmental ma-
trices (Mejia et al., 2016),which can make toxicity studies even more 
complicated. 
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Fig. 9. Different shapes of AuNPs decreased cell viability in a concentration-depen-
dent manner. Viability, measured by MTT test, of a hFOB1.19 cells, b MG-63, c 143B 
cells exposed to different shapes of AuNPs after 24 h. Viability, measured by NR test, 
of d hFOB1.19 cells, e MG-63, f 143B cells exposed to different shapes of AuNPs after 
24 h. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 reproduced 
from Steckiewicz et al. (2019), with permission from Springer.    
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Organic and inorganic moieties are utilized to functionalize ENMs 
for different applications provide a surface charge to NMs (Sajid et al., 
2015). The surface chemistry of ENMs, can dictate their interaction in 
complex biological matrices and can be modified to decrease toxicity and 
enhance functionality. Organic capping agents in Ag ENMs were found to 
control the toxicity, fate, and stability of those ENMs (Sarma et al., 2015). 
Generally, ENMs with a positive surface charge can quickly enter cells 
due to electrostatic attraction leading to a prolonged retention time in 
the human body. ENMs can also bring about conformational changes in 
the bound protein and affect their functional activities and cause disease 
(e.g., amyloidosis) (Sukhanova et al., 2018, 2012). The surface charge 
change can modify other characteristics like aggregation and hydrody-
namic diameter. Changes in the surface property can affect how NMs in-
teract with cells, tissue, and organs, regulating their uptake and adsorp-
tion (Allouni et al., 2015). The stability of ENMs inside the human body 
can increase the residence time of NMs and can also increase the toxic 
effect by delayed excretion (Gupta and Xie, 2018). 
Various mitigating measures should be considered to ensure that 
ENMs do not occur at hazardous levels in soil, air, and water. Particulate 
based air pollution is a serious concern to human health, and filtration 
units can be utilized at the disposal points to minimize the introduction 
of incidental NMs to the environment. Wastewater treatment facilities 
are primary points where synthetic NMs, are discharged to the environ-
ment. Treatment facilities can be modified to ensure proper removal of 
NMs before discharge to the environment. Monitoring of treated waste-
water can provide important insight into the presence of NMs in the fi-
nal water (Malakar and Snow, 2020). Human health impacts should not 
be limited to ENMs, and exposure from natural NMs should also be con-
sidered. The crucial effect of ubiquitous NNMs on organ functions needs 
additional studies. Air purifiers and proper filtration of water can min-
imize intake by respiratory and ingestion pathways. Newly developed 
commercial NMs should pass through stringent testing to assess their 
potential toxicity and fate in the complex natural environment. A thor-
ough life-cycle analysis of various NMs can be used to help devise plans 
to mitigate the negative impacts of NMs on both environmental safety 
and human health. 
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6. Conclusions 
The understanding of the life cycle of natural and synthetic NMs de-
mands critical attention. The underlying biogeochemical impacts on dif-
ferent natural resources due to NMs need to be grasped to devise plans 
to protect the environment, especially those which have consequences 
to human health. The widespread occurrence of nanomaterials in the 
water supplies, air, and soils used for food crops is evident and con-
cerning. The nanoscale size of NMs is a critical factor that impedes the 
understanding of NMs fate in the environment. As more NMs, specifi-
cally ENMs, are introduced to the environment, their potential toxicity 
needs to be better understood to predict long term consequences. Pro-
active measures may prevent nanomaterials entry to the environment 
and minimize their effects to the ecosystem and human health. The tox-
icological implications of the occurrence and exposure of natural, inci-
dental, and engineered NMs are far from clear. Present-day analytical 
techniques are not sophisticated enough to study NMs in the complex 
natural environment and biological systems. Recent scientific efforts 
have contributed to a better understanding of the interaction of NMs 
with cell, tissue, and organs. As with any group of hazardous contami-
nants, multiple exposure pathways should be considered, and more re-
search is needed to evaluate human health effects from the occurrence 
of NMs in the environment. 
7. Future perspective 
The focus on intricate role NMs, both natural and engineered, needs crit-
ical attention soon. Natural NMs role in controlling major cycles such 
as carbon, nitrogen, and phosphorus in the natural environment is be-
ing considered in the present research, and continued scientific efforts 
are needed to realize NNMs real impact on biogeochemical cycles. Fu-
ture research efforts should be towards developing easy, cost-effective, 
and highly reproducible analytical tools to understand the role of NMs 
in the various environmental matrix. Understanding the different ways 
NMs interact and influence abiotic and biotic ecosystems will help es-
tablish ground rules on their potential impact on the environment and 
help formulate plans to mitigate the transmission to humans. There is a 
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severe lack of research on the effects of natural NMs on human health, 
and future nanotoxicity studies should rigorously look into natural NMs 
effect on different humans. 
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